Abstract: Introduction of a new steric protection group, 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (denoted as Tb in this article) onto heavier group 14 elements together with other bulky aryl groups such as mesityl (Mes) or 2,4,6-triisopropylphenyl (Tip) enabled us to synthesize unprecedented, stable diaryl substituted tetrachalcogenametallolanes, Tb(Ar)MY 4 (M = Si, Ge, and Sn; Y = S and Se), as well as the heavier group 14 element carbene analogues, Tb(Ar)M: (M = Ge and Sn), stable in solution. Furthermore, the first examples of kinetically stabilized metallathiones and metallaselones of group 14 metals Tb(Ar)M=Y were obtained by taking advantage of the following two different approaches, i) the reactions of the overcrowded divalent metal species with some epichalcogenides or elemental chalcogen, and ii) the dechalcogenation of the 1,2,3,4,5-tetrachalcogenametallolanes with phosphine reagents. Of these Tb(Ar)M=Y germanethione Tb(Tip)Ge=S was isolated as orange crystals, the molecular geometry of which was established by X-ray structural analysis.
Introduction
Since the isolation of the first stable double bond compounds containing heavier group 14 and 15 elements such as Si=C, 1 ) Si=Si, 2 ) and P=P, 3 ) a remarkable progress has been made in the chemistry of unsaturated compounds of heavier typical elements, especially in the field of group 14 metals. 4 ) In the chemistry of low-coordinate compounds of group 14 elements (Si, Ge, Sn, and Pb), the double bond compounds between such metals and chalcogen atoms are among the most fascinating and challenging target molecules because of their interesting bonding character and potential synthetic utility. Although there have been reported some examples of silanethione, 5 ) silaneselone, 5 ) and germathiourea 6 ) stabilized by the intramolecular coordination of nitrogen substituents to the double bond (thermodynamic stabilization), very little is known for stable metallathiones and metallaselones of heaview group 14 metals RR'M=Y (M = Si, Ge, Sn, and Pb; Y = S and Se). In this paper we present our recent results on the kinetic stabilization of the low-coordinate compounds of group 14 elements by taking advantage of our new steric protection group, 2,4,6-tris[bis (trimethylsilyl)methyl]phenyl, 7 ) leading to the synthesis and reactions of stable matallathiones and metallaselones.
Results and Discussion

Kinetic Stabilization of Heavier Group 14 Element Carbene Analogues.
The chemistry of germylene and stannylene, well-known as highly reactive, unstable lowcoordinate group 14 metal species, has been an active area of stimulative and fascinating research for both organometallic and inorganic chemists. 8 On the other hand, we have already reported the synthesis and structural analysis of novel group 14 metal-containing cyclic polychalcogenides, 1,2,3,4,5-tetrachalcogenametallolanes 1-5 using Tb group together with mesityl or 2,4,6-triisopropylphenyl group as steric protection groups.
13 )
Recently, we have found that Tb group is effective to stabilize also the divalent species of group 14 metals such as germylene and stannylene. Thus, a new type of overcrowded diarylgermylene Tb(Tip)Ge: (6) was readily obtained by the sequential reaction of diiodogermane with TbLi and TipLi in THF in the presence of hexamethylphosphoramide (HMPA). Germylene 6 showed a dark red color in THF and brownish green color (X max = 580 nm) after solvent exchange into hexane. Studies on the electronic spectra of a variety of germylenes generated in glass matrices at cryogenic temperatures have revealed that introduction of bulky substituents on a germanium atom resulted in a dramatic red shift of the n-p transition of germylenes [for example: Ph 2 Ge: (466 nm), Mes 2 Ge: (550 nm), and Tip 2 Ge: (558 nm)].
Tb
14 ) The remarkable red shift observed for the λ ΓΤ13χ value of 6 is consistent with these results and it is the longest λ Γη3χ value reported so far for C-substituted germylenes. Under inert atmosphere germylene 6 was found to be stable in solution in contrast to bis-(2,4,6-tri-f-butylphenyl)germylene prepared by du Mont et al., the sterically most crowded diarylgermylene reported so far, which reportedly survived only below -10 °C and underwent intramolecular cyclization at higher temperatures. 15 ) It was found that in the electronic spectra of 6 the wavelength and absorption coefficient of the absorption maximum at 580 nm were almost unchanged in hexane within a temperature range from -73 °C to 60 °C, indicating the absence of an equilibrium between monomeric 6 and the corresponding dimer, digermene.
In spite of the extreme congestion around the germanium atom, 6 underwent ready insertion and cycloaddition reactions with methyl iodide, 2,3-dimethyl-1,3-butadiene, and benzil giving the expected products 7-9 as shown in Scheme 1. Germylene 6 also reacted with excess amount of elemental sulfur to give the corresponding tetrathiagermolane 2b (Ar = Tip). The remarkable stability of the germylene 6 prompted us to examine its complexation with transition metal carbonyl com- plexes. When a THF solution of 6 was treated with W(CO) 5 *THF, the expected mononuclear germylene-tungsten complex 10 was obtained as reddish orange crystals (Scheme 2). Analogous pentacarbonylchromium(O) complex 11 was also obtained as bright orange crystals by the reactions of 6 with Cr(CO) 5 *THF. Of the two complexes 10 and 11, which are the first, base-free diarylgermylene-transition metal complexes, the molecular structure of 10 was determined by X-ray crystallographic analysis. The combination of Tb and Tip groups was also useful to stabilize the heavier metal analogue of 6, stannylene 12 (Scheme 3). Stannylene 12 was also found to be strikingly stable at ambient temperature, showing a deep purple color ^m ax = 561 nm) in hexane and only one signal attributable to a divalent organotin species at 2208 ppm in the 119 Sn NMR. The possibility that stanny- lene 13 exists as an equilibrated mixture with the corresponding dimer, distannene, can be ruled out, since no spectral change was observed in the UV-vis and 119 Sn NMR spectra of 12 within a temperature range from -30 °C to 60 °C. Stannylene 12 also reacted with a variety of reagents to give the expected insertion and cycloaddition products 13-15 and 4b as shown in Scheme 3.
The formation of germylene 6 and stannylene 12 is worthy of note not only as the first examples of stable heavier group 14 element carbene analogues with aryl attachment but also as the successful application of a new steric protection group, Tb group, to the kinetic stabilization of highly reactive low coordinate group 14 metal species.
Although With the stable germylene 6 and stannylene 12 in hand, we have examined their chalcogenation in hope of obtaining a stable group 14 metal-heavier chalcogen double bond compounds such as germanethione 23 and stannanethione 24. Although the reactions of 6 and 12 with an excess amount of elemental sulfur resulted in the exclusive formation of tetrathiametallolanes 2b and 4b as sulfurization products, the treatment of 6 and 12 generated in solution as mentioned above with styrene episulfide as S-| source followed by an addition of thiocumulenes such as carbon disul- fide and phenyl isothiocyanate afforded the corresponding [2+2]cycloadducts 25-28 of the intermediary metallathiones, 23 and 24, respectively (Scheme 6). 19 ) Metallathiones here formed could also react with mesitonitrile oxide, 2,3-dimethyl-1,3-butadiene, and styrene oxide giving the corresponding adducts 29-32, respectively (Scheme 6). 19 ) Furthermore, we have found that elemental sulfur can also be used as S-| source for sulfurization of germylene 6 and stannylene 12 if the divalent species was treated with less than one equivalent amount of sulfur as shown in Scheme 7. In the case of formation of stannanethione 24 by the reaction of stannylene 12 with styrene episulfide in hexane, monitoring of the reaction using UV-vis spectroscopy showed an appearance of a new absorption at 473 nm (shoulder) at the expence of the absorption of stannylene at 561 nm, as shown in Figure 1 , the absorption of 473 nm being assignable to the η-π* transition of the tin-sulfur double bond of stannanethione 24. This is the first example of the spectroscopic observation of stannanethione. 19 ) solvent; hexane The successful transformation of stannylene 12 into stannanethione 24 described above prompted us to examine the selenation of 12 which leads to the formation of stannaneselone 33.
When the stannylene 12 was treated with episelenide 34, which is a sole example of isolable episelenide, and then with styrene oxide, the expected adduct, 1,3,2-oxaselenastannolane 35, was isolated, suggesting the formation of intermediary stannaneselone 33 though in a very low yield (Scheme 8). Furthermore, treatment of stannylene 12 with elemental selenium also resulted in the formation of stannaneselone 33, the formation of which was evidenced by its trapping experiments with styrene oxide and mesitonitriie oxide giving the corresponding adducts, 35 and 36, respectively (Scheme 8).
Sn
Thus, we have succeeded in the formation of novel group 14 metal-chalcogen double bond compounds and revealed some of their reactivities. However, the methodology here we used seems to be an unsuitable synthetic route from a standpoint of isolation of such unstable double bond compounds because of the low, not quantitative, yields of the adducts of intermediary metallathiones 23 and 24 and metallaselone 33.
Synthesis of Metallathiones and Metallaselones of Group 14 Metals by Desulfurization of Tetrachalcogenametallolanes.
In order to isolate the double bond compounds between group 14 metals and heavier chalcogen atoms, we have examined desulfurization of the 1,2,3,4,5-tetrachalcogenametallolanes by phosphine reagents.
When a mixture of tetrathiagermolane 2b and 3 molar equivalent of triphenylphosphine was refluxed in hexane, a quantitative amount of triphenylphosphine sulfide was precipitated. After filtration of the phosphine sulfide under argon the residual bright yellow solution was concentrated in a glovebox filled with argon to give pure germanethione 23 as orange crystals (mp. 163-165 °C) quantitatively (Scheme 9). 20 )
Germanethione 23 thus obtained was found to be thermally quite stable under inert atmosphere and it showed a characteristic strong Raman line at 521 cm -1 , attributable to the Ge-S stretching of the germathiocarbonyl unit, the value of which is in good agreement with the IRstretching (518 cm -1 ) reported for matrix-isolated Me 2 Ge=S by Nefedov et al. 21 ) In the electronic spectra, 23 showed an absorption maximum at 450 nm (ε 100) most likely due to the Ge=S η-π* transition and it was unchanged at all even when heated at 160 °C for 3 days in a sealed cell. The molecular structure of 23 was determined by X-ray analysis, which also confirmed that 23 exists as a monomer even in the solid state, showing a remarkable shortening of the Ge-S bond length Exposure of 23 to the open air resulted in an instantaneous and quantitative formation of the hydroxymercaptogermane 37. As previously mentioned, germanethione 23 here obtained also underwent ready cycloaddition reactions with 2,3-dimethyl-1,3-butadiene, mesitonitrile oxide, and phenyl isothiocyanate to give the corresponding cycloadducts, 30, 38, and 27, in very good yields, respectively (Scheme 10).
Scheme 10.
Similarly, tetrathiastannolane 4b was readily desulfurized by triphenylphosphine (3 equiv.) in toluene at room temperature to give hydroxymercaptostannane 39 without any formation of 1,3,2,4-dithiadistannetane derivatives suggesting that the intermediary stannanethione 24 did not undergo a dimerization. Although the isolation of 24 as solid materials has not been successful yet, the stannenethione 24 generated in solution reacted with 2,3-dimethyl-1,3-butadiene, phenyl isothiocyanate, and styrene oxide to give the expected cycloadducts 40, 28, and 32 in good yields as shown in Scheme 11. of 1,3,2,4-diselenadistannetanes 41 and 42, the dimers of intermediary stannaneselone 33, were obtained, while at low temperature the initially formed stannaneselone 33 could be trapped by styrene oxide in a moderate yield. These results suggest that the steric hindrance around the tinselenium bond of 33 is not large enough to prevent the dimerization of longer tin-chalcogen double bond of 33 than that of stannanethione 24 .
Conclusion
Novel, kinetically stabilized metallathiones and metallaselones of group 14 metals were synthesized by taking advantage of a new steric protection group Tb. Especially in the case of germanethione Tb(Tip)Ge=S (23), we have succeeded in its isolation as orange crystals and characterization by X-ray crystallographic analysis. Metallathiones and metallaselones here obtained underwent ready cycloadditions with various reagents, which are of great importance from the viewpoint of elucidating the intrinsic nature of group 14 metal-chalcogen double bonds. Particularly striking are their [2+4]cycloaddition reactions with 2,3-dimethyl-1,3-butadiene, which demonstrate that these metal-chalcogen double bonds have a considerable extent of ene-character like their carbon analogues such as thioketones and selenoketones.
